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A BIOCHEMICAL STUDY OF THE MITOTIC INHIBITION IN RAT
SKIN RESULTING FROM BETARADIATION*
I. A. BERNSTEIN, PH.D. AND PHYLLIS FOSTER, M.S.
Exposure of newborn rats to about 25 rads of
whole body beta radiation results in an essentially
complete inhibition of mitosis for two hours in
the germinative layer of the epidermis and in the
hair follicles (1). A dose of about 50 rads extends
the inhibitory period to four hours. When cell
division resumes, there is a brief period of
abnormally high mitotic activity followed by a
return to the normal rate. Animals exposed to
a single dose of radiation, however, showed no
obvious residual effects of this treatment when
observed over a period of several months.
A study of this experimentally produced
phenomenon was initiated in the belief that it
might produce information on the biochemistry of
cell division. Preparation for mitosis probably
involves many biosyntheses while division may
actually be initiated as a result of the completion
of these metabolic processes or by the formation
of a specific component. It has been suggested
that normal growth, per se, is not a prerequisite
and that only certain components need be
synthesized for cell division to occur (2). These
must include the DNAt and protein moieties of
deoxyribonucleoprotein, and possibly include
the compounds (or compound) which make up
the so called "energy reservoir" (3). Synthesis
of the former provides for reproduction of the
chromosomes while the latter provided the
energy necessary for division. It seems reason-
able to consider that the mitotic inhibition in
the skin occasioned by exposure of newborn
rats to 25 rads of beta radiation, results from
an interference with one of the above processes.
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This paper reports results obtained in a
study of the effect or such radiation on the
synthesis of DNA (and RNA) and on the syn-
thesis and stability of ATP—a "high energy"
compound of biological systems.
METHODS
Animals. Newborn rats, 4—7 days old, of the
Sprague-Dawley strain were used. In experiments
in which several litters were combined, the ani-
mals of each litter were distributed as evenly as
possible by weight among the various experi-
mental groups. p32 was given intraperitoneally as
an aqueous solution of Na3HP32O4 at a level of 5—iS
curies per g body weight. Thymidine-H was
administered by the same route in an aqueous solu-
tion at 1.7 icuries per g body weight. Animals
weighed about lOg each.
Irradiation procedure. The technic of exposure
to irradiation from a source prepared with the pure
beta-emitting p32 has been described (1). Control
animals were "sham" irradiated in exactly the
same manner except that the cylinder of filter
paper contained no p32•
Isolation of the nucleotides of RNA and DNA.
The ribo-and deoxyribonucleotides of the nucleic
acids were isolated from the whole skin (after re-
moval of the subcutaneous tissue) as previously
described (4) except that 4 M formic acid was used
instead of 2 M ammonium formate in the gradient
elution of the nucleotides from Dowex 1 (HCOO1.
Isolation of ATP and ADP from the "acid
soluble"fraction. After the tissue was homogenized
in cold HC1O4, the extract was neutralized to pH
7 with 2N KOH at 0°C and the resulting precipi-
tate of KC1O4 removed by filtration. The filtrate
was applied to a column of Dowex 1 (HCOOI
(1.13 cm2 X 12cm) and was eluted by the gradient
technic of Hurlbert, et al. (5) using H20 in the 1
liter mixer and 1 liter of 1 M ammonium formate
followed by 1 liter of 2 M ammonium formate in
the reservoir. ADP and ATP were eluted from the
column in that order upon the addition of the 2 M
ammonium formate. Further purification and
identification of these components were made by
ascending filter paper chromatography using iso-
butyric acid-concentrated NH4OH-H20, 66/1/33
(V/V/V), at pH 3.74
Analytical procedures—P32 was determined with
a gas flow counter, Model D47, manufactured by
the Nuclear-Chicago Corp., and H3, with a liquid
Solvent system used by Pabst Laboratories,
Milwaukee, Wisconsin, for testing purity of ATP
and ADP.
462 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
scintillation counter produced by the Packard
Instrument Corp. Absorbancy was measured with
a Beckman DU Spectrophotometer. Inorganic
phosphate was assayed by the method of Gomori
(6).
Whenever a comparison of p32 specific activity
is made between control and irradiated tissues,
the level of radioactivity is corrected for any
difference which was found between specific ac-
tivities of inorganic phosphate isolated from the
"acid-soluble" fraction of the respective tissue
samples. Since the volume of tracer injected into
each animal was of the order of 0.03 ml, it was diffi-
cult to give each animal the same dose of radioac-
tivity. In general, however, the specific activities
of the inorganic phosphate isolated from control
and irradiated skin varied by less than 10 per cent.
Preparation of ATP2. ATP32, labeled only in
the terminal phosphate, was prepared biosyn-
thetically by the method of Fleiderer (7). The
position of the label and the level of radioactivity
in the terminal phosphate was checked by phos-
phorylation of glucose with the radioactive ATP
catalyzed by a purified preparation of hexokinase
followed by conversion of the resulting glucose-6-
phosphate to 6—phosphogluconate with glucose-6--
phosphate dehydrogenase and triphosphopyridine
nucleotide. The glucose-6-phosphate was purified
by column chromatography, as described pre-
viously (8), prior to being oxidized. The 6-phos-
phogluconate was also purified by column chroma-
tography before determination of the specific
radioactivity of the phosphate. The specific radio-
activity of the 6-phosphogluconate in c.p.m. per
micromole of compound was within 5 per cent of
that of the labeled ATP being checked.
Compounds used. 113P3304 was obtained from
the Oak Ridge National Laboratory. Thymidine-
was obtained from the New England Nuclear
Corp. Hexokinase was a gift from Dr. Saul
Roseman to whom the authors are grateful. Glu-
cose-6-phosphate dehydrogenase was obtained
from the Sigma Chemical Corp. and was purified
free of 6-phosphogluconate dehydrogenase by
column chromatography on DEAE-cellulose. (De-
tails to be published elsewhere).
RESULTS
Table I shows the "time-course" of incorpora-
tion of inorganic phosphate-P32 into the nucleo-
tides of RNA and DNA in the skin of normal
animals and animals irradiated with 50 rads.
In general, no significant alteration in the relative
specific activities of the nucleotides was observed
at anytime between the second and sixth hour
post-radiation. The differences observed in the
TABLE I
Incorporation with time of p32 into the ribo- and deoxyribonucleotides of control and irradiated skin from
newborn rats
RNA
2 Hours 4 Hours 6 Hours
Control
mC/pmole
50 Rads
mC/moIe
Control
mC/pmole
50 Rads
m5C/ mole R c ControlmC/mole 50 RadsmC/,ono1e R/C*
Cytidylic acid.... 11.0 (100) 6.1 (100) 0.55 35.0 (100) 17.2 (100) 0.49 43.9 (100) 24.3 (100) 0.55
Adenylic acid. . .. 7.2 (65) 3.4 (56) 0.47 22.0 (62) 11.7 (68) 0.53 28.0 (64) 14.4 (60) 0.52
Guanylic acid.... 5.0 (45) 2.3 (38) 0.46 16.3 (46) 8.4 (49) 0.52 19.7 (45) 11.5 (47) 0.58
1.Jridylic acid 9.0 (82) 3.8 (62) 0.42 26.7 (75) 14.5 (84) 0.54 33.3 (76) 18.5 (76) 0.56
DNA
Deoxycytidylic
acid 5.4 (100) 3.4 (100) 0.63 19.1 (100) 9.6 (100) 0.50 27.0 (100) 15.3 (100) 0.57
Deoxyadenylic
acid 1.3 (24) 0.5 (15) 0.39 6.4 (33) 2.5 (25) 0.39 8.3 (31) 4.4 (29) 0.53
Deoxyguanylic
acid 2.0 (37) 1.9 (56) 0.94 8.0 (42) 2.3 (24) 0.29 10.3 (38) 3.5 (23) 0.34
Thymidylic
acid 5.0 (93) 2.8 (93) 0.56 13.7 (72) 6.7 (70) 0.49 18.7 (69) 11.5 (75) 0.61
For isolation procedures see the text. Four animals per group received intraperitoneally 5 C sodium
phosphateP32/g body weight.
Values in parentheses are specific radioactivities relative to the respective cytidylic or deoxycytidylic
acids. *R/C = ratio of specific activities (m,hC/,hmole) for irradiated to control samples. All values have
been corrected for slight differences in the specific activities of the inorganic phosphate isolated from
the tissues at the times indicated. Radiation delivered in vivo over a period of 6 minutes.
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specific activities of deoxyadenylic acid and
deoxyguanylic acid from normal and irradiated
skin in this particular experiment was never
confirmed in subsequent experiments.
Table II illustrates the effect of exposure to
25 rads and 60 rads on the incorporation of 32
into the nucleotides of RNA and DNA. A dose
of 25 rads, which is sufficient to inhibit mitosis
Effect of /3-radiation on the incorporation of p32 into the ribo- and deoxyribon.ucleotides
of the skin, of newborn rats
RNA
mC/moIe Nucleotidef
Control 25 rads R/C* Control 60 rads R/C*
Cytidylic acid
Adenylic acid
Guanylic acid
Uridylic acid
22.7 (100)
14.8 (65)
10.0 (44)
16.8 (74)
9.85 (100)
2.92 (30)
4.77 (48)
8.10 (81)
23.8 (100)
14.2 (60)
9.08(38)
18.9 (82)
10.7 (100)
3.10 (29)
5.15 (49)
9.25 (88)
1.05
0.96
0.91
1.12
1.09
1.06
1.08
1.14
24.8 (100)
15.0 (60)
12.8 (51)
17.7 (71)
14.0 (100)
3.09 (22)
4.86 (35)
10.2 (72)
16.7 (100)
10.9 (65)
6.90 (41)
12.1 (73)
8.50 (100)
1.88 (22)
3.00 (35)
6.60 (77)
0.67
0.73
0.54
0.68
0.61
0.61
0.62
0.65
DNA
Deoxycytidylic acid
Deoxyadenylic acid
Deoxyguanylic acid
Thymidylic acid
Values in parentheses represent specific activities relative to the specific activity of the respective
cytidylic and deoxycytidylic acid.
*R/c = ratio of the irradiated to the control specific activities. Animals (about 10 each) received 10
scuries/g. of sodium phosphate-P32 in water (2 mC/ml) intraperitoneally and were sacrificed 2 hours
post-injection. Irradiated animals were exposed for 5 minutes and received the 32 immediately there-
after. t Values corrected for slight differences in specific activities of inorganic phosphate in the skin.
TABLE III
Effect of dosage of /3-radiation and the order of irradiation and administration of tracer on the incorporation
of 32 into the ribo- and deoxyribonucleotides in the skin of the newborn rat
Experi-
ment
Number
Radiation Conditions
mcuries/pmole Nucleotide*
RNA
1
2
3
DNA
Cyti-
dylic
acid
14.2
16.5
15.5
17.6
12.7
17.8
8.6
None
22 rads given 2 hours after in-
jection of 32
None
36 rads given 2 hours after in-jection of P
None
60 rads given 2 hours after in-jection of P
60 rads given immediately
before injection of 32
Adeny-lic
acid
10.1
9.9
10.1
11.2
7.7
9.7
5.6
Gua-
nylic
acid
6.8
6.3
6.8
7.5
5.5
9.5
3.5
Uridy-
lic
acid
11.4
13.1
11.6
14.3
9.1
12.7
6.2
Deoxy-
cytidylic
acid
6.7
7.4
7.5
9.0
7.2
10.9
4.6
Deoxy-
adenylic
acid
2.0
2.2
2.4
2.6
1.6
2.8
0.9
Deoxy-
guanylic
acid
3.0
3.6
2.9
3.1
2.5
3.3
1.6
Thymi-
dylic
acid
5.5
6.5
6.0
11.2
5.9
7.9
3.4
All animals (about lOg, each) sacrificed 4 hours after injection of 32 (3 uC/g. body weight). * Values
corrected for slight differences in level of p32 in the inorganic phosphate of the skin. Animals were irra-
diated for approximately 5 minutes except in Experiment 1 in which a period of 2 minutes was used.
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for two hours post-radiation, did not decrease
the incorporation of 32 into either nucleic acid
over the two hour period. If anything, there
might have been a slight increase. It should be
noted, however, that when the specific activities
of the nucicotides were determined in replicate
control experiments (i.e. a litter of animals were
divided into three groups and the nuclcotides
isolated separately from each group) variations
of per cent were obtained. Sixty rads, on
the other hand, did decrease the incorporation
of 32 by 30 to 40 per cent in all nuclcotidcs.
In an experiment in which thymidinc-113 (1.7
uC/g body weight) and sodium phosphate-P32
(15 ioC/g body weight) were given simultaneously
immediately following exposure to 60 rads, the
thymidylic acid (the only nucleotide which
TABLE IV
Effect of fl-radiation on the content of A TP in the
shin of the newborn rat
Radia-
Dosage
None
weight
Grams
12.9
ATP52 Added
pmoles mpeuries/pmole
3.9 818
ATPZ2
Isolated
mscuries/
pmole
455
ATP/g
Tissue
amole
0.24
15
None
12.9
13.0
3.9
3.9
818
818
438
462
0.25
0.22
65 13.0 3.9 818 469 0.22
For experimental details see the text. Radiation
was delivered in vivo over a period of 5 minutes.
Animals were sacrificed immediately after ex-
posure.
incorporated 11) of the irradiated sample had
51 per cent of the control specific activity of ll
and 57 per cent of the control specific activity
of p32 As shown in Table III this depression of
incorporation was seen only if the P was ad-
ministered immediately after the irradiation.
If the P was given 2 hours prior to irradiation
there was an increased incorporation of the
tracer relative to that seen in the control. In
general, there were no significant differences
between the amounts of RNA and DNA iso-
lated in the irradiated compared with the control
experiments. The results of Tables II and III
have been confirmed in at least three separate
experiments of each type with a variation of no
more than 20 per cent in any direction.
Table IV shows that exposure to a dosage as
high as 60 rads apparently had no effect on the
level of ATP in the skin when determined by the
"isotope dilution" technic with P32-labelcd ATP.
Table V indicates that such a level of irradiation
also had no effect on the incorporation of Ptm
into both ATP and ADP either during exposure
to the beta-emitting source or during the first
two hours post radiation.
nrscussion
In a study such as this, only effects which
occur in most cells of the tissue will be observed.
For example, if mitotic inhibition results from a
radiation effect to which only cells ready to divide
are susceptible, then the difference would prob-
ably be missed since only a relatively few cells
would be sensitive during the short period of
TABLE V
Effect of fl-radiation on the incorporation of 32 into ATP and ADP in the skin of newborn rats
Experimental conditions
Control 20 Radse 55 Radst
mp/C rnole/g
pmole tissue
mpC/
pmole
jsmole/g
tissue
m5c/
pmole
pmole/g
tissue
Experiment I
Irrad. and Ptm at zero time. Sacri-
rificed 2 hours post-radiation
Experiment 2
P32injection2hourspriortoirrad.
Sacrificed immediately post-
radiation.
ATP
ADP
ATP
ADP
720
475
895
834
0.20
—
0.26
—
650
500
740
—
0.22
—
—
—
687
492
834
700
0.19
—
0.22
—
Tracer dose: lOjzC sodium phosphate in 0.02 ml llO per g body weight.Animalsweighed 10 g each.
For details of isolation procedures see the text
* Exposure of 2 minutes. 1 Exposureof 5.5 minutes.
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irradiation. The technics used in the present
work would also not show an alteration in a
very small portion of the DNA e.g. in the DNA
of a specific genetic locus. On the other hand, it is
entirely conceivable that irradiation might gen-
erally affect a biochemical component in all
cells and not just in those cells preparing for
mitosis. If this were so, the "biochemical lesion"
should be capable of being observed even though
an extremely small portion of the total cell
population normally divides during the total time
of these experiments. It should also be noted
that since mitosis occurs only in certain locations
in the skin we do not know that all cells are
susceptible to these relatively low levels of
radiation. To date, the only biological effect
seen from such exposures has been an inhibition
of mitosis in the basal layer of the epidermis and
in the hair follicles. If cells capable of mitosis
are the only ones sensitive to this radiation then
technics such as we have used might not be
adequate to show the biochemical aberrations.
Any substances isolated would come mostly
from cells which do not divide.
The data of Table II show that an exposure of
25 rads, which is sufficient to inhibit mitosis
for 2 hours had no significant gross effect on the
metabolism of either DNA or RNA. Since the
same amount of each nucleic acid was isolated
from the skin of the irradiated and control
animals, and the specific radioactivities (c.p.m.
per micromole) of the nucleotide components
were not significantly different in any ease, it
appears that the mitotic inhibition was not a
result of a major aberration in either the syn-
thesis or the stability of the nucleic acid. The
slight increase in the specific radioactivities seen
in the nucleotides of DNA and in several of those
of RNA from the irradiated animals may repre-
sent a real difference but the variation in the
data obtained in replicate control experiments
indicates that significance should not be ascribed
to differences of less than 10 per cent.
There is no question, however, that exposure
to 60 rads of beta radiation decreased the in-
corporation of 32 into both nucleic acids (Table
II). Since the decreased incorporation was the
same order of magnitude in both nucleic acids
and the relative specific activities of the respec-
tive nucleotides in DNA (as well as RNA) did
not significantly change, it seems unlikely that
the effect of 60 rads is specifically on the synthesis
of DNA. Inasmuch as the two nucleic acids are
probably synthesized in different locations within
the cell, in different places within the epidermis
(9) § and probably at different rates, it seems
entirely possible that the decreased incorporation
of 32 into both nucleic acids is an indirect result
of a radiation effect at some other biochemical
locus—a locus whose disturbance affects the
synthesis of both nucleic acids. It has already
been reported by others (e.g. 10), that radiation
can inhibit mitosis by a mechanism probably
not involving DNA.
At present we have no explanation for why
exposure to 60 rads depresses the incorporation
of into the nucleic acids when the sodium
phosphate-P32 is administered immediately post-
radiation but not if the tracer is given two hours
prior to irradiation. In the latter case, there seems
to be an increase in the incorporation of the
tracer. It is possible that the radioactive in-
organic phosphate is delayed in getting to the
skin when administered post radiation. However,
the specific activity of the inorganic phosphate
was never significantly different when determined
on the control and irradiated tissues at the end
of every experiment. If there is any difference
in the transport of the tracer to the skin when
the tracer is administered post-radiation the
difference has disappeared by two hours post-
radiation. On the other hand, as shown in Table
I, there is still a decreased incorporation of
P into the irradiated nucleic acids up to 6
hours post-radiation. Whatever the explana-
tion for this difference in the effect on the in-
corporation, it seems unlikely that the cause in-
volves either nucleic acid specifically. Regardless
of whether the incorporation of P was above or
below the control level, both nucleic acids showed
similar changes and the relative specific activities
of the nucleotides of each did not change.
Since it appeared likely that the nucleic acids
are not the site of the primary inhibitory effect
of 50 rads and are apparently not grossly affected
by 25 rads, which is sufficient to inhibit mitosis,
attention has more recently been turned to other
substances involved in the energy metabolism
of the cell. As pointed out by Swann (3), mitosis
may be initiated when an "energy reservoir"
attains a level adequate for the energy require-
§ While DNA is synthesized exclusively in the
basal cells of the epidermis, RNA is synthesized
throughout the cellular portion of the epidermis.(Fukuyama and Bernstein-to be published.)
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ments of the process. To date, the compounds
which are a part of this "reservoir" have not been
identified. Tt seems entirely possible that the
mitotic inhibition resulting from 25 rads might
be related to a decreased level of "high energy"
substances in the "reservoir" and that the
"nucleic acid" effects of 50 rads might result from
a further decrease in such a "high energy'
substance.
As a first approach, the effect of radiation on
ATP was studied. Preliminary results indicate
that ATP is the major nueleotide triphosphate
and APP, the major nueleotide diphosphate in
the skin of the newborn rat. The uridine tn-,
di- and monophosphates are next in quantity.
Guanine triphosphate and adenylic acid have
also been identified to date. As shown by the
data in Tables IV and V neither level of radia-
tion affects the synthesis or the level of ATP
(or APP) in the skin. In this connection it
should be noted that Mandel et al (11) observed
a marked depression one day post-radiation in
the level of ATP in the skin of rats exposed to
X-rays and Van Bekkum (12), among others, has
indicated that mitochondria from irradiated
cells have a decreased ability to carry out oxida-
tive phosphorylation.
In the course of these experiments it was also
noted that even radiation of the higher level had
no apparent effect on the quantity of urocanie
acid found in the skin. This is in contrast to the
report of Everett et ol. (13) in which exposure
to ultraviolet radiation decreased the quantity
of urocanie acid in the skin.
SUMMARY
A level of radiation (25 rads) which temporarily
inhibits mitosis in the skin of newborn rats for
two hours had no observable effect on the in-
corporation of 32 given immediately post-radi-
ation. A higher level of radiation (50 rads) was
shown to equally affect the incorporation of 32
into both nucleic acids. The incorporation was de-
pressed if the tracer was administered immedi-
ately post-radiation and increased if the F2 was
given two hours prior to radiation. No effect of
either radiation dosage was seen on the synthesis
or level of ATP or APP in the skin.
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PISGUSSION
PR. M. A. PATHAK, Boston, Mass.: I would
like to ask one question of Pr. Bernstein. I
believe that the data you presented indicating
no inhibitory effect of beta 'radiation on the
synthesis of deoxyribonucleic acid and niho-
nucleic acid was observed at the end of two hours.
Petails of this study will be published later.
Some studies which we have carried out on the
effect of ultraviolet irradiation reveal that the
inhibition of enzyme activity and other biological
alterations can be demonstrated within ten
minutes after irradiation. This indicates that
biological damages occur immediately after ab-
sorption of radiant energy. I wonder if he has
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any data to substantiate or disprove my hy-
pothesis, and whether he determined RNA and
DNA synthesis immediately after cessation of
irradiation.
DR. THEODORE ROSETT, Durham, N. C.:
Mazia has shown that thioethanol is an absolute
inhibitor of mitosis. I wonder if you correlated
the appearance of sulfhydryl with this irradia-
tion.
I. A. BERNSTEIN, Pn.D., (in closing): In answer
to the first question, we have found no biological
effect except that on mitosis. However, we have
shown with an exposure of 50 rads that the de-
pressed incorporation of 32 is still effective six
hours post-radiation. We have not looked at it
earlier than two hours because the incorporation
of 32 is not that great.
Unfortunately, we have not looked at anything
having to do with the sulfhydryls.
ANNOUNCEMENT
The First Congress of the International Society of Tropical Dermatology will
be held June 8th to 13th, 1964, in Naples, Italy, under the chairmanship of
Prof. Pietro Cerutti, Director of the University Skin Clinic, Naples, Italy.
Secretary-General of the Congress is Dr. Pietro Santoianni, University Skin
Clinic, Naples.
Inquiries may be directed to Dr. Santoianni or to Dr. Frederick Reiss, Secre-
tary-General of the Society at 870 Fifth Ave., New York, N. Y.
